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INTRODUCTION
Coronary artery bypass grafting (CABG) avoiding cardiopulmonary bypass was developed to reduce perioperative complications associated with the use of extracorporeal circulation (ECC) and aortic manipulation. Some meta-analysis of risk-adjusted, as well as some meta-analyses of randomized studies, have demonstrated advantages for off-pump surgery in surrogate and hard end-points especially stroke [1] [2] [3] [4] . However, revascularization quality in off-pump surgery is an issue for ongoing debate. Some randomized studies have shown higher re-revascularization rates, a lower number of peripheral anastomoses and more incomplete revascularizations in the off-pump groups [5] [6] [7] . On the other hand, several studies performed by highly experienced surgeons in the off-pump technique have demonstrated equivalent results compared with on-pump CABG [8] .
We recently published a risk-adjusted analysis comparing offpump with on-pump CABG showing a trend towards lower in-hospital mortality (OR 0.25; 95% CI 0.05-1.18), as well as significantly lower stroke rate (OR 0.36; 95% CI 0.13-0.99), decreased low cardiac output syndrome rates (OR 0.53; 95% CI 0.29-0.98), and re-thoracotomy rates (OR 0.35; 95% CI 0.16-0.74) [9] . In this series, off-pump CABG was performed clampless either using the PAS-Port system, an automatic central anastomosis device, or as total arterial revascularization in aortic no-touch technique.
To assess the mid-term outcomes and especially the rerevascularization rate after on-pump and both clampless off-pump techniques -anaortic and PAS-Port -, we performed a 1:1:1 propensity score-matched analysis of 5422 unselected patients undergoing isolated CABG at a single high-volume off-pump center.
MATERIALS AND METHODS

Patients
Between July 2009 and June 2015, a total of 5422 patients underwent isolated CABG at our institution. Data were prospectively collected and entered into a database. Conventional on-pump CABG (CONV) with the use of cardioplegic arrest was used in 34.7% (n = 1879) of patients, 42.6% (n = 2310) underwent clampless offpump using the PAS-Port device (PAS-Port), 22.7% (n = 1233) underwent anaortic off-pump (ANA) (Fig. 1) . Highly experienced off-pump surgeons, all of whom use this technique in more than 80% of cases, chose which method to use in each case.
Surgical techniques
Operative procedures have been previously described [9] . In the ANA group, complete arterial revascularization was performed with in situ internal mammary artery (IMA) grafts, arterial T-grafts with both IMA and/or the radial artery. IMA harvest was routinely skeletonized. In the PAS-Port group, central vein graft anastomoses with the PAS-Port system (Cardica Inc, Redwood City, CA) were completed before the construction of peripheral anastomoses. Target vessels were immobilized with the Octopus Stabilizer (Medtronic GmbH, Meerbusch, Germany). After incision of the target coronary arteries, 1-to 3-mm shunts (Medtronic GmbH) maintained native coronary flow during the anastomoses. Patients were fully heparinized and mean arterial pressure was kept at a minimum of 60 mmHg throughout the procedure.
After heparinization (target activated clotting time > 450 seconds) and aortic cannulation, a dual-stage venous cannula was placed in the CONV group. After aortic cross-clamping, warm Calafiore cardioplegic solution was instilled via the aortic root. After distal coronary anastomoses, central anastomoses were constructed under single cross-clamping. Side-clamping was never used. After weaning from cardiopulmonary bypass, protamine was administered to antagonize the heparin effect. Bypass flow was measured with the MediStim Quick Fit ultrasound probes (MediStim, Nydalen, Norway) in all cases.
When there was no postoperative hemorrhage, all patients received 6 hours postoperatively 500 mg of acetylsalicylic acid and high-molecular weight heparin intravenously. On the first postoperative day, all patients were placed on 100 mg acetylsalicylic acid orally. Patients in the PAS-Port group were additionally placed on 75 mg of daily oral clopidogrel for 6 months.
Preoperative patient characteristics
The following preoperative variables were recorded for each patient (Table 1) : age, sex, body mass index, left ventricular ejection fraction, glomerular filtration rate (GFR), peripheral arterial occlusive disease stage II or higher, European System for Cardiac Operative Risk Evaluation (EuroSCORE) II, KoronarCHirurgie (KCH) score [10] , hypertension, pulmonary hypertension, hyperlipidaemia, diabetes mellitus, active smoking, dialysis, status of New York Heart Association (NYHA) class, status of Canadian Cardiovascular Society (CCS) class, left main stenosis > 50%, the number of diseased coronary arteries, previous myocardial infarction (MI), previous stroke, chronic obstructive pulmonary disease (COPD), atrial fibrillation, previous cardiac surgery, previous percutaneous cardiac intervention, previous stent implantation, emergency, preoperative intra-aortic balloon pump (IABP) support, preoperative catecholamine support. All 28 variables were incorporated into the propensity score model to adjust for selection bias.
Binary outcomes
Primary end-points were death before hospital discharge or 30-day mortality and occurrence of a new stroke in hospital. Additional binary outcomes were perioperative MI, low-output syndrome, postoperative IABP support, new onset of dialysis, artificial ventilation > _ 24 hours, re-exploration, deep sternal wound infection, and revascularized myocardial territories.
Continuous outcomes
Continuous outcomes were number of peripheral anastomoses, total units of packed red blood cells transfused, operative time, duration of ICU stay, duration of artificial ventilation, and duration of hospitalization.
Follow-up
Follow-up data were reported on a standardized form completed by either the patients or their general practitioners. We added missing data by conducting phone interviews. We defined four follow-up end-points: time to death, time to stroke, time to repeat revascularization (percutaneous catheter intervention (PCI) or reoperation), and time to a Major Adverse Cardiac or Cerebrovascular Event (MACCE; death, stroke, myocardial infarction or repeat revascularization). For the combined end-points, we defined the censoring time as the minimum of censoring times across end-points, for time to re-revascularization we considered death a censoring event. The final follow-up data had been collected in early September 2015 with a negligible difference of 10 days between treatment groups.
Statistical analysis
Categorical variables are given as absolute and relative frequencies, continuous variables as means with standard deviations, or medians with the first and third quartile, as indicated. To assess differences in surgical techniques and to adjust for the missing randomization we conducted a matched propensity score (PS) analysis with 1:1:1-matching ratios as suggested by Rassen et al. [11] . A multinomial logistic regression model including all the covariates from Table 1 [12] . Caliper width was not explicitly recommended, but a value of 0.24 resulted in good covariate balance and a fair number of matched triplets. Balance of risk factors was judged by computing the recently proposed z-difference and displaying z-differences in a Q-Q-plot to assess balance with reference to a randomized trial and a perfectly matched PS analysis [13] .
To measure treatment effects, we calculated odds ratios for binary, differences in means for continuous, and hazard ratios for time-to-event outcomes. All analyses adjusted for the PS matching stratum via conditioning, i.e. conditional exact logistic regression (SAS LOGISTIC procedure with STRATA statement), linear mixed models (SAS MIXED procedure with random effect for the matching stratum) and stratified proportional hazard models (SAS PHREG procedure with STRATA statement) for binary, continuous and time-to-event outcomes, respectively. Parameter estimates are given for the ANA and the PAS-Port technique, both with reference to CONV and with their 95% confidence intervals. Table 1 summarizes the preoperative patient variables before and after propensity score matching. PS matching resulted in 935 triplets not differing in terms of their preoperative risk profile. According to the z-differences in Table 1 and the Q-Q-plots in Fig. 2 , balance of risk factors dramatically improved after PS matching. In the matched sample, balance is better than in a randomized trial and very close to a perfectly matched PS analysis. Table 2 depicts the results for the binary and continuous outcomes in the matched subgroups. The ANA group had significantly lower in-hospital and 30-day mortality compared with the CONV group. There was no significant difference in early mortality between the PAS-Port and the CONV groups. There were no significant differences in the rate of stroke, perioperative MI, low output syndrome, postoperative IABP, renal complications, artificial ventilation > _24 hours, or deep sternal wound infection before hospital discharge. The incidence of re-exploration for bleeding was lower in the ANA group. The mean number of grafts in the PAS-Port group was significantly higher. The rate of right coronary arterial (RCA) territory grafting was significantly higher in the PAS-Port group and lower in the ANA group, compared with the CONV group. Total units of red blood cells transfused were significantly less in the PAS-Port and ANA groups.
RESULTS
The average operation time was longer in the ANA group and shorter in the PAS-Port Group than in the CONV group. There was no significant difference in duration of ventilation, intensive care stay or hospitalization.
With respect to the mid-term follow-up, with a median observation time for survival of 848 days (Q1: 379 days, Q3: 1.464 days), there were no significant differences in survival ( Table 1 ) of the 28 preoperative patient variables before and after propensity score matching, z-differences from a randomized trial would follow the broken light gray line, z-differences from a perfectly matched propensity score analysis would follow the solid light gray line. (A) Clampless off-pump (PAS-Port), (B) Anaortic off-pump (ANA). (Fig. 3, panel A-D) .
DISCUSSION
As far as we know, this is the first study to conduct a direct PSadjusted 1:1:1 comparison between the three surgical revascularization techniques CONV (with ECC and cardioplegia), PAS-Port (clampless off-pump) and ANA (anaortic off-pump) in more than 5000 patients. The effect estimates found (i.e. odds ratios) favoured both the clampless off-pump techniques in nearly all primary end-points. Both in-hospital and 30-day mortality were lower in the ANA and PAS-Port groups than the CONV group; statistical significance was achieved only by the ANA group. Lower event rates could also be observed in both off-pump groups for the second primary end point stroke. Here the event rate correlated with the extent of aortic manipulation: CONV (1.2%) > PAS-Port (1.0%) > ANA (0.5%).
Perioperative neurological complications are due to atheroembolism dislodged from the ascending aorta during cannulation, clamping, declamping or partial-clamping manoeuvres. Avoiding aortic manipulation is therefore an effective approach to reduce the incidence of stroke. Many studies have reported the superiority of OPCAB technique in terms of neurological complications compared with conventional on-pump CABG [14] [15] [16] . Lev-Ran et al. [14] described that the incidence of cerebrovascular accident (CVA) was significantly lower in the no-touch aorta OPCAB compared with OPCAB with side-clamping (0.2% vs 2.2%), and side-clamping was an independent predictor of stroke, increasing the risk 28-fold. Gasparovic et al. [17] reported that intraoperative embolic load quantifying with use of transcranial Doppler monitoring was significantly lower in patients undergoing single aortic clamping CABG compared with multiple clamping CABG. Therefore, aortic side-clamping must be avoided even in conventional on-pump CABG with cardioplegia. Pawliszak et al. [15] reported the result of a meta-analysis of 18 studies that aortic no-touch OPCAB was associated with a 60% lower risk of CVA as compared to side-clamp OPCAB (0.36% vs 1.28%), and OPCAB with proximal anastomotic devices was also associated with reduction of CVA risk in lower-risk patients. Emmert et al. [16] reported that there was no difference in the stroke rate after on-pump CABG and after OPCAB with side-clamp (2.4% vs 2.3%). The occurrence of stroke after clampless OPCAB by using proximal anastomotic devices was similar to those of anaortic OPCAB (0.7% vs 0.8%). In the light of these studies, our data support the conclusion that the aortic no-touch technique is the most effective method of reducing the risk of CVA, and proximal anastomotic devices facilitate safe performance of clampless OPCAB, while minimizing the risk of CVA. However, total arterial revascularization with bilateral IMA, as performed in the ANA group, includes an increased risk of sternal wound infections, especially in patients with combined obesity, diabetes mellitus, or COPD [18] . The mean number of peripheral anastomoses was highest in the PAS-Port group and there were significant differences in terms of RCA territory grafting among PAS-Port, CONV, and ANA groups (69.3%, 54.6%, and 47.4%, respectively). The bypass graft selection for the RCA territory is still controversial. Jeong et al. [19] showed that proximal coronary stenosis below 90% was a predictor of graft failure in the arterial bypass group, but the patency of venous graft did not depend on the degree of stenosis of RCA. Glineur et al. [20] analyzed the results of 3-year angiographic patency of various bypass grafts on the RCA territory and concluded that arterial graft functions are negatively influenced by the minimum lumen diameter, but venous grafts are less influenced. In concordance with these studies, our graft selection for the RCA territories was dependent on the degree of stenosis and this might be one reason for less RCA grafting in the total arterial ANA group.
Clampless OPCAB with the PAS-Port device for revascularization for non-LAD territories is our standardized technique in elderly patients. The PAS-Port device affords easy and rapid proximal anastomosis without clamping the aorta. Neurologic complications can potentially be reduced with limited aortic manipulation compared with conventional on-pump CABG. The quality of anastomoses is comparable to those of hand-sewn anastomoses [21] . Five-year patency of device-dependent revascularization was reported to be 93% and 94%, respectively [22, 23] .
In our study, there was no significant difference in terms of freedom from repeat of revascularization between the 3 groups in a 5-year follow-up period. The CABG Off or On Pump Revascularization Study (CORONARY) had randomized a total of 4752 patients undergoing isolated CABG. The operations were performed by experienced surgeons. Although the OPCAB group had a higher repeat revascularization rate at 30 days (0.7% vs 0.2%, HR [95% CI] 4.01 [1.34-12 .0], P = 0.01) [7] , there was no significant difference at 1 year ( [3] . In both studies, there were no significant differences in mortality and morbidity at 1 year between OPCAB and on-pump CABG.
Hattler et al. [25] compared outcomes of graft patency in patients undergoing OPCAB and on-pump CABG in the Department of Veterans Affairs Randomized On/Off Bypass (ROOBY) trial. The ROOBY trial randomized 2203 patients to OPCAB and on-pump CABG and follow-up angiography was performed in 685 patients in each group. The OPCAB group resulted in worse graft patency at 1 year (82.6% vs 87.8%, HR [95% CI] 0.94 [0.92-0.97], P < 0.001) [25] . However, as some authors noted [26, 27] , there were some limitations of the ROOBY trial, including the level of expertise for performing OPCAB. The majority of OPCAB cases were performed by surgical trainees who were inexperienced in OPCAB. OPCAB is technically demanding and, especially, requires more experience to expose the optimal and comfortable surgical view for anastomoses. It is crucial to be cooperative and totally experienced as a team, including surgical assistants, anaesthesiologists, surgical nurses, and perfusionists who are on standby in case of an emergency. Intraoperative maintenance of a stable haemodynamic status, despite twisting or turning the heart position, is crucial in OPCAB, especially in revascularization on the lateral wall region. Although the left circumflex artery (LCX) territory is often considered the most difficult area to graft in OPCAB, there was no significant difference in LCX territory grafting among the 3 groups in our study. The haemodynamically stable condition and the optimal surgical view can be achieved by the cooperation of an experienced team. We started an OPCAB programme in 2009 and switched to OPCAB as our standard procedure for isolated CABG surgeries. Since then, the number of OPCAB surgeries has increased. Since 2012 approximately 80% of all isolated CABG is routinely performed in off-pump technique at our institution. A high volume of OPCAB cases is associated with lower mortality and good clinical outcomes [8, 28] .
Limitations
This study is limited as a single-center experience, based on retrospective analysis of our institutional, observational, prospectively collected database. Propensity score analysis was used to adjust for differences in preoperative risk factors. This analysis is useful for reducing bias in observational studies. Patients with acute myocardial infarction and/or haemodynamic instability have a propensity to be operated with ECC at our institution. The characteristics of these non-matched patients in the CONV group are listed in the Supplementary Material, in order to show clearly that these patients are not included in the analyzed collective and that the results cannot therefore be applied to such high-risk patients.
The present study lacked assessment of (dual antiplatelet therapy, postoperative haemodynamic improvement, and so on), which are also important outcomes requiring further research.
CONCLUSION
Both in-hospital and 30-day mortality were lower in the ANA and PAS-Port groups than the CONV group; statistical significance was achieved only by the ANA group. The mid-term survival and MACCE rate and the re-revascularization rate, were similar between the three groups in relatively low risk patients.
SUPPLEMENTARY MATERIAL
Supplementary material is available at EJCTS online.
Conflicts of interest: none declared.
